Abstract: Calcium carbonate polymorphs were crystallized in alginate and xanthan hydrogels in which a degree of entanglement was altered by the polysaccharide concentration. Both hydrogels contain functional groups (COOH and OH) attached at diverse proportions on saccharide units. In all systems, the precipitation process was initiated simultaneously with gelation, by the fast mixing of the calcium and carbonate solutions, which contain the polysaccharide molecules at respective concentrations. The initial supersaturation was adjusted to be relatively high in order to ensure the conditions suitable for nucleation of all CaCO 3 polymorphs and amorphous phase(s). In the model systems (no polysaccharide), a mixture of calcite, vaterite and amorphous calcium carbonate initially precipitated, but after short time only calcite remained. In the presence of xanthan hydrogels, precipitation of either, calcite single crystals, porous polyhedral aggregates, or calcite/vaterite mixtures were observed after five days of ageing, because of different degrees of gel entanglement. At the highest xanthan concentrations applied, the vaterite content was significantly higher. In the alginate hydrogels, calcite microcrystalline aggregates, rosette-like and/or stuck-like monocrystals and vaterite/calcite mixtures precipitated as well. Time resolved crystallization experiments performed in alginate hydrogels indicated the initial formation of a mixture of calcite, vaterite and amorphous calcium carbonate, which transformed to calcite after 24 h of ageing.
Introduction
The formation of diverse calcium carbonate (CaCO 3 ) solid phases is one of the most investigated precipitation process among slightly soluble ionic salts. In this system, three polymorphs (vaterite, aragonite or calcite), two hydrates (monohydrocalcite, CaCO 3 ·H 2 O and ikaite, CaCO 3 ·6H 2 O) and amorphous calcium carbonate can precipitate. Therefore, their formation pathways provide suitable models for basic the investigation of mechanisms and kinetics of nucleation, crystal growth, dissolution and, particularly, transformation of precursor phases in aqueous solutions. In addition, CaCO 3 phases are extensively investigated because of their relevance in geological, technological and biological environments and systems [1] [2] [3] [4] [5] [6] .
The most important experimental parameters, which influence the precipitation of slightly soluble salts like CaCO 3 and their structural, chemical and morphological properties, are the initial supersaturation, temperature, presence of additives, pH and hydrodynamic conditions. Consequently, the traditional experimental protocols, like bulk precipitation, crystal seeding, constant composition or continuous processes, are regularly applied for tuning the properties of the precipitate. Crystallization of slightly soluble salts in gelling environments is inspired by biomineralization of CaCO 3 in mollusks and corals, or calcium phosphates in enamel and bones and it has been recognized as an alternative strategy for synthesis of materials with desired features [7] . Hydrogels are multicomponent, solid-like systems built up by a three-dimensional network of interconnected (macro) molecular chains, with the interspace filled up with water and possibly electrolytes. The formation of gel-like structures and their physical and chemical properties are principally influenced by the concentration of the gelling molecules, temperature, pH and in some specific cases, type and concentration of counter and co-ions present in the system [7, 8] . In such gelling systems, the critical parameters for precipitation are mostly determined by diffusivity and the local charge distribution (ionotropic effect) [9] [10] [11] .
Biocompatible polysaccharide hydrogels have been recognized as suitable models for investigation of CaCO 3 precipitation (crystallization), particularly for clarifying the role of basic processes (nucleation, crystal growth, dissolution or aging) [7, 10, [12] [13] [14] . However, a more explicit connection between calcium carbonates and gels is related to their possible biomedical or pharmaceutical application. Thus, for example, a class of hybrid organic-inorganic drug delivery systems, constructed from porous micro particles in which active molecules are absorbed and coated with polymer multilayers has been described. In such systems, layer-by-layer adsorption of differently charged polyelectrolytes onto porous vaterite particles may form microcapsules with gel-like interior, after removing the mineral core [15] [16] [17] [18] . Thus, size, polymorphic composition, surface texture and/or porosity, can influence their properties relevant for potential use as a drug delivery vehicles. A role of the above-mentioned parameters is intuitively understandable and can be correlated to the efficiency of delivery. However, control of the particles' shape is recognized as a future trend in preparation of drug delivery models, since it was described that anisotropic particles show higher intracellular transport [19] [20] [21] [22] [23] .
In addition, within the field of tissue engineering, hydrogel composites with inorganic micro particles are intensively investigated as materials for bone regeneration. Since bones can be considered as a mineralized hydrogel made of collagen fibrils and calcium-deficient hydroxyapatite, a production of synthetic hydrogel-inorganic composites is supposed to mimic the nature [24] [25] [26] . In such systems, mineral phases increase the composites' bioactivity, surface roughness, mechanical properties, adhesion, proliferation and differentiation of bone-forming cells. Convenient inorganic phases used for hydrogels enrichment are calcium phosphates and bioactive glasses, but silica and CaCO 3 are considered as well. Typical experimental strategies for mineralization of respective hydrogels with CaCO 3 involved either, mixing of previously formed particles with sols before gelation (so called "internal gelation") [27] [28] [29] [30] , or their precipitation after gelation. Indeed, in the case of postponed formation of mineral particles, precipitating components have been delivered by different techniques. Thus for example, CaCO 3 precipitation has been initiated by alternating a soaking of poly(acrylic acid) grafted poly(ethylene) films into Ca 2+ or CO 3 2− solutions. Similar protocols have been applied for agarose or chitosan gels [14, [31] [32] [33] . A diffusion of one component (CO 2 ) into the agarose gel preloaded with Ca 2+ and modified with self-assembled monolayer, has been investigated as a model of biomineralization of protein-based hydrogels. In such systems nucleation and growth were simultaneously controlled [34] . Double-diffusion of calcium and carbonate ions into the polyacrylamide hydrogels of different polymer content has been investigated and a correlation between morphology of precipitate and hydrogel concentration was found [35] . A similar experimental setup was also applied in the agarose hydrogel system in order to estimate the impact of porosity on the properties of mineral phase and to correlate it with supersaturation profile and presence of additives [36, 37] . Besides the above-mentioned two-step protocols, simultaneous gel and CaCO 3 formation has also been described. Thus, stepwise addition of Na 2 CO 3 /alginate solution into CaCl 2 resulted in creation of appropriate composites and allowed the authors to recognize an active control of the gel matrix over the size and morphology of the obtained calcite crystals [13] . Similarly, simultaneous CaCO 3 precipitation and gelling of carrageenan, accomplished by the fast mixing of reactants, explained the effect of the gelling status of carrageenan on properties of precipitate [12] . The objective of this work is to elaborate the protocols for production of a significant amount of CaCO 3 /hydrogel composites and to demonstrate the possibilities to control the physical properties of mineral particles, with emphasis on their size, surface texture, porosity and shape. Since the biocompatible and degradable polysaccharides (sodium alginate and xanthan gum) and bioactive calcium carbonate polymorphs are used, the composites may be suitable for application in a field of hard tissue engineering or drug delivery. In addition, the obtained results may be used as alternative experimental strategies for preparation of porous and/or monodispersed CaCO 3 polymorphs, suitable for use as templates for the preparation of polyelectrolyte multilayer capsules.
Results and Discussion
The precipitation in gelling environment has been initiated by the fast mixing of reactants in order to enable a rapid formation of gel and apparently instantaneous establishment of supersaturation [12] . Both polysaccharides, xanthan and alginate, are anionic polyelectrolytes with similar chemical functionalities attached to molecules' backbone (carboxylate, hydroxide). Indeed, alginate contains about one COOH, while xanthan less than 0.4 COOH per sugar unit. The alginate hydrogels are formed by crosslinking their molecules with divalent cations, while the formation of xanthan gel is caused by releasing the water molecules that are attached to polysaccharide molecules and hydrogen bonding of chains [38] [39] [40] [41] [42] . The pore size distribution of both gels was controlled by varying the polysaccharide molecule concentration.
The results of morphological and structural analyses of CaCO 3 precipitated in gels were compared to referent bulk-precipitation systems. In this way the effects caused by the space confinement and charge density may be discerned from otherwise dominating factors for precipitation of slightly soluble salts, like supersaturation and hydrodynamics. Thus, the initial supersaturation was be set to be relatively high, in order to undoubtedly exceed the threshold values for onset of nucleation in both systems. In all systems the concentrations of precipitating components were identical: c(CaCl 2 ) = c(Na 2 CO 3 ) = 0.066 mol dm −3 , which correspond to supersaturations expressed with respect to amorphous calcium carbonate (ACC), S C = 89.2 and S ACC = 8.1, respectively. Indeed, the addition of polysaccharides affects the concentration of unbound calcium ions and the activity of all reactants present in the system, so it is rather difficult to calculate the actual supersaturation in gelling systems. Therefore, the applied concentrations of reactants were relatively high in order to ensure that the threshold value for the onset of nucleation was exceeded in both systems and at all concentrations of hydrogels. Indeed, fast and intensive precipitation was observed in all systems.
Three types of precipitation experiments in gel were performed in order to discriminate possible hydrodynamic effects (order of addition of reactants), or the adjustment of pH, which may influence the distribution of charges of polysaccharide molecules. Thus, in the system Ca-gel, pH = 10.5, Na 2 CO 3 solution was introduced into the CaCl 2 /polysaccharide solution with respective concentration of alginate or xanthan. The pH of CaCl 2 was pre-adjusted to 10.5. The system Ca-gel, pH = 9.0, is identical, but the pH of the CaCl 2 was pre-adjusted to 9.0. The order of addition of reactants was changed in the CO 3 -gel, pH = 10.5 system, in which the CaCl 2 solution (pH = 10.5) was rapidly introduced into the Na 2 CO 3 /polysaccharide solutions of the appropriate concentration of polysaccharide.
However, in the respective model systems (identical concentrations of reactants, but without presence of polysaccharide), a mixture of amorphous calcium carbonate (ACC), calcite and vaterite precipitated immediately after mixing the reactants. Transformation of unstable phases into the calcite was completed after about 24 h. Figure S10 shows typical calcite crystals isolated from the system. Similar precipitation/transformation pattern, according to which only calcite remained in the system after 24 h, was also observed in the systems of higher and lower supersaturation (c(CaCl 2 ) = c(Na 2 CO 3 ) = 0.1 mol dm −3 and c(CaCl 2 ) = c(Na 2 CO 3 ) = 0.033 mol dm −3 ).
CaCO 3 Precipitation in Xanthan Gels
The concentrations of xanthan used for precipitation experiments varied in the range from 0.20-2.00 wt % with respect to water and, in all systems, the formation of precipitate occurred immediately after the addition of calcium or carbonate solution. The results of structural analyses (P-XRD) and morphological observations (SEM) of precipitates are reported in Table 1 and in Figure S1a . Typical X-ray diffractograms and respective FT-IR spectra are also shown (Figures S2, S3 and S6). Hence, it is shown that at lower gel concentrations, c xan = 0.20 wt % and 0.35 wt %, the precipitate obtained five days after initiating the process, consists predominantly of calcite, with traces of vaterite. At a moderate concentration of gel, c xan = 0.40 wt %, calcite is still the predominant phase unless in the system Ca-gel, pH = 10.5, about 39 wt % of vaterite is mixed with calcite. At the highest gel concentration, c xan = 2.00 wt %, vaterite was found to be significantly present in all systems. Table 1 . Mineralogical composition, shape and average size (referred to the longest axis of single particle or aggregate) of precipitate (calcite and vaterite) prepared in different xanthan gels and c i (CaCl 2 ) = c i (Na 2 CO 3 ) = 0.066 mol dm −3 , t = 5 days. The results of morphological analyses (SEM) are consistent with structural analyses of precipitate. Thus, Figure 1 shows the typical morphologies of crystals isolated five days after initiating the precipitation in different xanthan gels. In the system Ca-gel, pH = 9.0, and lower concentrations of xanthan (c xan = 0.20 wt % and 0.35 wt %) the obtained calcite single crystals were elongated along the c axis: Some of the latter showed hemispherical cavities. In the precipitate obtained by using, c xan = 0.40 wt %, the calcite crystals are actually the assembly of subcrystals, etched on the {104} faces. At c xan = 2.00 wt % the SEM showed predominantly single spheres having a smooth surface and few elongated calcite crystals showing {011} faces and {104} faces. In the Ca-gel, pH = 10.5 system and c xan = 0.20 wt %, calcite appeared as {104} rhombohedra single crystals in which some {104} showed hemispherical cavities. At a c xan = 0.35 wt % the calcite crystals showed aggregation and the morphology was not regular, while at increased concentration, c xan = 0.40 wt %, the rhombohedral calcite crystals were elongated along the c-axis. At the highest concentration, c xan = 2.00 wt %, the precipitate consists of spheres, having a smooth surface and sometimes joined with calcite crystal with cavities. In some cases, the spheres fill calcite crystals ( Figure S8 ). The precipitates observed in the CO 3 -gel pH = 10.5 systems, c xan < 2.0 wt %, were rather similar to Ca-gel, pH = 10.5 and c xan = 0.35 wt %: Calcite appeared in a form of single crystals in which some of the {104} faces showed cavities. However, when the applied xanthan concentration was the highest, c xan = 2.00 wt %, the precipitate consisted of {104} rhombohedral calcite and aggregates of spheres with rough surfaces. Similar gradual change of calcite morphology with increasing xanthan gel concentration (from compact rhombohedral crystals to spherical aggregates) has been described in the system in which crystallization was initiated in (NH 4 ) 2 CO 3 -CaCl 2 systems [43] . The authors used xanthan as a model of the exopolysaccharides excreted by soil bacteria, which are supposed to be responsible for accumulation of terrestrial carbonates. The observed formation of spherical calcite and vaterite was explained with increased diffusivity (viscosity) of the medium and the presence of carboxyl groups, which were additionally introduced into a form of acidic amino acids.
It should be emphasized that in all xanthan systems and c xan = 2.00 wt %, a mixture of calcite and vaterite precipitated. Thus, spherical aggregates of vaterite, calcite rhombohedra or rhombohedral calcite aggregates were observed. High fraction of not-transformed vaterite in these systems can be explained by assuming a simultaneous nucleation and crystal growth of metastable and stable polymorphs and subsequent transformation of metastable phases, either by solution mediated, or a solid-state mechanism. During the transformation process, dissolution of vaterite and growth of calcite crystals occur simultaneously. It was found previously that in pure aqueous systems [44] vaterite dissolution is controlled by the diffusion of constituent ions (Ca 2+ and CO 3 2− ) away from the crystal surfaces, while calcite growth is controlled by surface process. At conditions of high concentration of macromolecules and restricted diffusivity, vaterite dissolution becomes the rate determining step of the overall transformation process. Therefore, at the highest xanthan concentrations, the vaterite content is still high. In most of the systems, size of the particles varied in the range from 10 to 15 µm, without any systematic correlation between their sizes and xanthan concentration. In addition, in the systems of the highest gel concentration (c xan = 2.0 wt %) two polymorphs could be observed: Spherical vaterite particles and prismatic calcite, which are of different size. However, the vaterite aggregates, which are trapped within a calcite crystal, indicate the initial growth of both polymorphs in a limited space ( Figure S8 ). In order to prove the incorporation of xanthan molecules by CaCO 3 , the thermogravimetric analyses (TGA) of selected samples have been done. Thus, in the system Ca-gel, pH = 10. the agarose hydrogels of different strengths and degree of entanglements [7, 46] showed exactly the opposite trend of incorporation of gelling polysaccharide into the calcite structure. Thus, the increase of the Ca 2+ concentration from 5 mmol dm −3 to 30 mmol dm −3 caused the increase of the agarose incorporation in the range from about 0.5 wt % to 0.9 wt %. The authors also proposed different models of incorporation, which assumed a competition between parameters like the strength of the gel, growth rate or specific crystal/agarose interactions.
CaCO 3 Precipitation in Alginate Gels
The concentrations of alginate used for precipitation experiments varied in the range from 0.20 wt % to 2.00 wt % with the respect to water and precipitation started immediately after mixing the reactants. The results of structural analyses of precipitate (P-XRD and FT-IR) are shown in Table 2 and in Figure S1 , while Figures S4, S5 and S7 show the typical X-ray diffractograms and FT-IR spectra. Thus, in the Ca-gel, pH = 10.5, mixture of calcite and vaterite was observed, while predominantly calcite precipitated in the Ca-gel, pH = 9.0 and CO 3 -gel, pH = 10.5 systems. In the Ca-gel, pH = 9.0 and lowest alginate concentration, vaterite was observed as well. In all gelling systems, the largest CaCO 3 particles were observed at the lowest alginate concentration (c alg = 0.20 wt %). However, at higher gel concentrations, the average size of the particles decreased but no distinct correlation between the size distribution and gel concentration was observed. Typical SEM micrographs of the dried CaCO 3 samples, precipitated in different alginate gels are shown in Figure 2 . Thus, calcite crystals precipitated in the CO 3 -gel, pH = 10.5 appeared in the form of stack-like or polyhedral aggregates, built up of prismatic primary particles. On the other hand, the rosette-like aggregates are predominant calcite forms in both Ca-gels. This is in agreement with findings of some other authors that precipitated CaCO 3 in presence of alginate or xanthan, but at concentrations lower than critical for gel formation [45, 47] . The predominant formation of rosette-like calcite was explained by its nucleation on a gelled microparticles template. However, predominant growth of stuck-like calcite morphology in the xanthan systems has been explained by its nucleation directly on ionized carboxylate groups along the backbone of polysaccharide molecules (see SI: Description of molecular gelling process) [38] [39] [40] [41] [42] . In comparison to literature data, the systems investigated in this work are additionally complicated by strong gel formation and initial precipitation of metastable and stable solid phases in close physical contact. Thus, Figure S9 , shows vaterite and calcite particles merged in a single phase in the alginate system in which vaterite to calcite transformation was not completed (Ca-gel, pH = 10.5, c(alg) = 0.8 wt %). Contrarily, in the systems in which the solution-mediated process of transformation was completed, the cavities in the calcite crystals are visible (CO 3 -gel, pH = 10.5, c alg = 0.8 wt % and Ca-gel, pH = 9.0, c alg = 0.8 wt %). The effect is stronger than in the xanthan gels of comparable concentration, which can be explained by difference between their gelling mechanism: Strong crosslinking between alginate molecules with divalent cations, versus the hydrogen bonding in xanthan. In addition, it should be considered that xanthan contains less COOH groups that could initially interact with solid phases (1 COOH per monosaccharide unit in alginate, versus 2/5 COOH per monosaccharide in xanthan). 
Kinetics of CaCO 3 Phase Transition in the Alginate Gels
The assumed initial and simultaneous formation of several CaCO 3 phases in alginate gels was confirmed by time resolved precipitation experiments in a moderately strong gelling environment (Ca-gel, pH = 9.0, c alg = 0.8 wt %). Figure 3A shows SEM micrographs of mineral particles isolated immediately after formation of precipitate and after termination of the process ( Figure 3B ). Indeed, typical vaterite spherulitic aggregates can be seen at the early stages of the process, while irregular prismatic calcite crystals with spherical imprints were found at later stages. The existence of both, metastable and stable polymorphs in alginate gelling systems are similar to findings of Dias-Dosque et al. [48] , obtained by spin-coating techniques and a slow CO 2 diffusion. The semi quantitative FT-IR analysis of mineral samples [49] separated from the gel at time intervals coincide with the SEM observations (Figure 4) . It is shown that vaterite content decreased from about 80 wt % at the beginning of the process and dropped to zero after 24 h. The observed relatively fast transformation of vaterite crystals is apparently in contradiction to the results of CaCO 3 growth in the system in which alginate and Ca 2+ have slowly released from respective gels [29] . In these systems, in which CO 2 diffusion technique was used, vaterite remained stabilized for 8 days, which is probably the consequence of continuous supply of Ca 2+ and CO 3 2− . Their concentrations were obviously high enough to keep the supersaturation level above the vaterite solubility and, as a result, hindered the dissolution. Unfortunately, such experimental setup does not provide the information on solution composition, which is crucial for understanding the mechanisms of formation of specific phases. However, in the experimental setup applied in this work, the initial supersaturation could be estimated and the continuous sampling for the FT-IR analyses applied. The analyses indicated that, besides the crystalline polymorphs, the amorphous CaCO 3 also existed at the early stages of the process. It was identified according to the normal vibration frequencies of carbonate ions at about 1490 and 1430 cm −1 (ν 3a , ν 3b ), 1080 cm −1 (ν 1 ), 866 cm −1 (ν 2 ), 725 and 690 cm −1 (ν 4a , ν 4b ) [50] [51] [52] . Since, ν 2 and ν 4 bands cannot be detected in the mixtures with high content of polymorphs, the ratios of the intensities of ν 2 and ν 4 absorption bands of calcite were measured [53, 54] . In the case of pure calcite, the ratio is about 3, while in the mixtures with ACC, it increases as a consequence of the absence of ν 4 absorption of ACC in the 713 cm −1 region. Thus, it was found that the ν 2 /ν 4 of the sample isolated at the beginning of the crystallization was about 7.7, while after 24 h it drops to 2.3. The expected incorporation of the alginate molecules into the CaCO 3 precipitate was tested by TGA analyses of the samples isolated at selected time intervals. The results show (Table S1 ) that the precipitate which consisted of calcite (t = 24 h) incorporated significantly less organic matter and water in comparison to systems containing vaterite. However, no straightforward correlation between the TG data and the vaterite or calcite content was found, which indicates that the water and organic matter are not uniformly distributed within the gel and mineral phases. However, the correlation can be found between the vaterite content and the total amount of incorporated water and alginate macromolecules. Similar measurements were made in the system Ca-gel, pH = 10.5, c alg = 0.8 wt %, in which about 39% of vaterite was found after five days of aging. It was determined that about 3.2% of water and 5.3% of organic matter are incorporated into the precipitate, which is qualitatively consistent with data obtained from kinetics.
Materials and Methods
The chemicals used to prepare reactant solutions, CaCl 2 and Na 2 CO 3 , were analytically pure and the deionized water was of high quality (conductivity < 0.055 µS cm −1 ). Sodium carbonate solution, c = 0.20 mol dm −3 , was prepared by dissolving anhydrous Na 2 CO 3 in water, while calcium chloride solution, c = 0.20 mol dm −3 , was made by diluting appropriate CaCl 2 stock.
The polysaccharides used for gel preparation were kindly supplied by Danicso. Xanthan gum was produced by a fermentation process of bacteria Xanthomonas campestris, while sodium alginate was produced from brown seaweed, mainly Laminaria digitata species. The appropriate polysaccharide stock solutions were prepared by the addition of respective amount of dry powder into deionized water at 70-80 • C and intensive stirring until complete dissolution. Three different protocols of simultaneous calcium carbonate precipitation and gel formation were employed. 
Model System
Precipitation was initiated by rapid addition of 50 cm 3 of Na 2 CO 3 solution (c = 0.20 mol dm −3 , pH = 11.5) into 100 cm 3 of magnetically stirred CaCl 2 solution, (c = 0.20 mol dm −3 , pH = 6.7). The progress of the reaction was followed by measuring the pH. The system was aged for 24 h.
At the end of each experiment, the suspension was centrifuged, the precipitate was washed several times with saturated calcite solution and dried at 105 • C for 3 h. Thermogravimetric analyses of precipitates were performed by means of Mettler TG 50 thermobalance, equipped with TC 10 TA processor, at rate 10 K/min. Qualitative and semi quantitative composition of the dried precipitate was determined by means of FT-IR spectroscopy (FT-IR Bruker, Tensor II) using KBr pellet technique [35] and by X-ray powder diffraction (XRD) using an automatic Philips diffractometer, model PW1820 (CuKα radiation, graphite monochromator, proportional counter) in Bragg-Brentano geometry. The diffraction intensities were measured in the angular range 10 • ≤ 2Θ ≤ 70 • .
Step size was set to 0.02 • of 2θ with measuring time of 2 s per step. Calcite and vaterite were identified according to the ICDD Powder Diffraction File [55] . In order to determine the mole fractions of calcite and vaterite in the samples, a calibration curve, correlating the intensity ratios of selected diffraction lines and the mole ratio of calcite and vaterite, was constructed. The morphologies of the precipitate were observed by optical microscopy (Orthoplan photographic microscope, E. Leitz, Wetzlar, Germany) and by scanning electron microscopy, SEM (Hitachi 6400) operating at 20 kV. For the SEM observations, the samples were glued by a carbon tape on the aluminum stub and gold sputtered.
Calculation of the initial solution composition (supersaturation) was based on the known total calcium chloride and sodium carbonate concentrations and the known NaOH concentration used for pH adjustment. The initial supersaturation was defined as relative supersaturation, S = (Π/K sp ) 1/2 , where Π is the ion activity product, Π = a(Ca 2+ )·a(CO 3 2− ), and K sp is the thermodynamic solubility product of calcite (K sp = 3.313 × 10 −9 ), vaterite (K sp = 1.221 × 10 −8 ) or amorphous calcium carbonate (ACC) (K sp = 3.976 × 10 −7 ) [37] at 25 • C. Detailed calculation procedure, which considers the respective protolytic equilibria and equilibrium constants, as well as the charge and mass balance equations, was shown previously [56, 57] . However, it should be emphasized that in the case of precipitation in gels, the presence of the respective polysaccharide was not considered so the calculated initial supersaturation is given only for comparison with bulk precipitation experiments.
Conclusions
Precipitation of calcium carbonate was investigated in xanthan and alginate hydrogels in which the concentration of polysaccharide molecules varied in the range from 0.2 to 2.0%.
Precipitation was performed simultaneously with the gel formation and was initiated by a fast addition of reactants (Ca 2+ or CO 3 2− solutions) into hot CO 3 -polysaccharid or Ca-polysaccharide solutions, respectively. Relatively high initial supersaturation was selected in order to exceed the threshold values for starting the nucleation in both gelling systems and at all concentrations of macromolecules. In addition, high initial supersaturation provided the environment for initial and simultaneous formation of different polymorphic modification of calcium carbonate. Simultaneous nucleation and growth of spherical vaterite aggregates and prismatic calcite crystals in the confined space resulted in the formation of hybrid, ingrown structures. After dissolution of vaterite, which is a result of aging of the precipitate, calcite crystals with spherical imprints remained.
In the model systems (no polysaccharide), a mixture of calcite, vaterite and amorphous calcium carbonate precipitated initially, but due to the solution-mediated process of transformation, only calcite remained in the solution after 24 h. Transformation (dissolution) of ACC typically finished after five min.
In the presence of lowest concentrations of xanthan gel, the precipitate aged for five days consisted predominantly of calcite single crystals with developed {011} faces, elongated along c axis and capped with {104} faces. At moderate xanthan concentrations, the porous polyhedral aggregates were found after five days of aging. At the highest xanthan gel concentration, a substantial amount of not-transformed vaterite was observed in all systems, thus pointing out to the strong inhibition of vaterite dissolution.
In the CO 3 -alginate gels of all concentrations, calcite was the only calcium carbonate polymorph found after five days of aging, while in the Ca-gels the vaterite was found as well. In the CO 3 -gels, calcite appeared in a form of microcrystalline aggregates, while in Ca-gels the rosette-like or stuck-like monocrystals was found.
Time resolved crystallization experiments in moderately strong Ca-alginate hydrogels, showed that a mixture of calcite, vaterite and amorphous calcium carbonate formed initially. After 24 h of aging, only calcite remained in suspension. In comparison to the model system, transformation of amorphous calcium carbonate was significantly inhibited and it was detected even after four h of aging.
Calcite samples isolated from gelling systems typically incorporate less than 1% of water molecules and about 1% of macromolecules. The incorporation of water into the samples containing vaterite is significantly higher and up to 6.8% was determined. The content of absorbed macromolecules is also much higher and more than 3% was found in all systems.
Described one-step protocols may be useful for preparation of biocompatible CaCO 3 /alginate or CaCO 3 /xanthan hydrogel composites, with different gel strength, mineral phase composition and adjustable micro or macro porosity. Indeed, such mixtures may be suitable for diverse applications in the hard tissue engineering and/or drug delivery.
